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Uracil-DNA glycosylase is the DNA repair enzyme
responsible for the removal of uracil from DNA, and it
is present in all organisms investigated. Here we report
on the cloning and sequencing of a cDNA encoding the
human uracil- DNA glycosylase. The sequences of
uracil-DNA glycosylases from yeast, Escherichia coli,
herpes simplex virus type 1 and 2, and homologous genes
from varicella - zoster and Epstein- Barr viruses are
known. It is shown in this report that the predicted amino
acid sequence of the human uracil- DNA glycosylase
shows a striking similarity to the other uracil -DNA
glycosylases, ranging from 40.3 to 55.7% identical
residues. The proteins of human and bacterial origin were
unexpectedly found to be most closely related, 73.3%
similarity when conservative amino acid substitutions
were included. The similarity between the different
uracil -DNA glycosylase genes is confined to several
discrete boxes. These findings strongly indicate that
uracil-DNA glycosylases from phylogenetically distant
species are highly conserved.
Key words: DNA repair/evolutionary conservation/human
uracil -DNA glycosylase/molecular cloning

complex of replication and repair enzymes (Seal and Sirover,
1986).
Uracil-DNA glycosylase activity was first detected in

extracts of Escherichia coli (Lindahl, 1974), and has since
been isolated from various other sources including yeast
(Crosby et al., 1981) and mammals (Sekiguchi et al., 1976;
Wist et al., 1978; Krokan and Wittwer, 1981). Eukaryotic
cells have both a nuclear and mitochondrial form of
uracil-DNA glycosylase (Anderson and Friedberg, 1980;
Wittwer and Krokan, 1985; Domena et al., 1988). The ung
and UNGJ genes encoding the E.coli and yeast enzymes,
respectively, have been isolated and recently sequenced
(Duncan and Chambers, 1984; Varshney et al., 1988;
Percival et al., 1989). The proteins encoded by these two
genes show a high degree of similarity. A uracil-DNA
glycosylase encoded by herpes simplex virus type 2 has been
purified and cloned (Caradonna et al., 1987). The cDNA
clone was mapped to the region at about 0.07 map units at
the HSV genome and derives from the UL-2 gene (Worrad
and Caradonna, 1988; Mullaney et al., 1989). Homologous
genes are also found in other herpes virus such as the
varicella-zoster (gene 59, Davison and Scott, 1986) and
Epstein - Barr viruses (BKRF3, Baer et al., 1984). Here we
report on the cloning and sequencing of a cDNA encoding
the human uracil-DNA glycosylase.

Results
Characterization of human uracil- DNA glycosylase
cDNA
Uracil -DNA glycosylase has been purified from human
placenta (Wittwer et al., 1989). This tissue contains several
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Introduction
Uracil in DNA may result from deamination of cytosine
(Lindahl and Nyberg, 1974; Shapiro, 1980) or misincor-
poration of dUMP residues (Tye et al., 1977; Brynolf et al.,
1978; Wist et al., 1978). The first process can give rise to
transition mutations (Duncan and Weiss, 1982). Thus one
likely biologically important function of uracil-DNA
glycosylase is to prevent mutagenesis resulting from cytosine
deamination. Uracil-DNA glycosylase eliminates uracil
from DNA by cleaving the N-glycosylic bond and initiates
the base-excision repair pathway. This presumed pathway
is subsequently thought to involve the action of AP
endonucleases, DNA polymerase and DNA ligase (reviewed
by Lindahl, 1979). Experiments with monoclonal antibodies
have indicated that uracil-DNA glycosylase and DNA
polymerase ca are physically associated. It was therefore
suggested that these enzymes are parts of a functional
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Fig. 1. Structure and sequencing strategy of pUNG-15 and pUNG-40.
DNA sequencing was carried out using the dideoxy method (Sanger
et al., 1977). The arrows represent the extent and direction of
sequencing using either SP6, T7 or other synthetic primers. The open
reading frame is indicated by the shaded boxes, the darker box
representing the predicted mature protein.
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Fig. 2. Nucleotide sequence of human placental uracil-DNA
glycosylase cDNA and the predicted amino acid sequence of the
protein. The amino acid sequence corresponding to the N-te1minal
sequence of the placental enzyme and the oligonucleotide probe used
to screen the library are underlined. The polyadenylation signal
sequence is indicated by bold face letters. The 5' and3'-ends of the
pUNG-40 clone are indicated by open triangles. The positively charged
amino acid residues of the N-ter(inalsegment resembling a
rnitochondrial presequence are indicated. The sequence data will
appear in the EMBL/GenBank/DDBJ Nucleotide Sequence Databases
under the accession number of X15653.

biochemically closely related forms of uracil-DNA
glycosylase. A mixed oligonucleotide was synthesized on
the basis of the N-terminal amino acid sequence (residues
19-26) of the major form. The oligonucleotide was used
as a probe to screen a Xigt II cDNA library- from human
placenta. Approximately 300 000 plaques were screened,
and more than 20 positive clones were found. Four of these
were subcloned in plasmids. Two of the positive clones,
pUNG-15 and pUNG-40, were characterized by restriction
enzyme mapping and DNA sequencing (Figure 1). These
analyses revealed that pUNG- 15 and pUNG-40 were
overlapping and that pUNG-15 was 282 and 56 bp longer
at the S' and 3'-ends, respectively. The insert in pUNG-15
terminates with a 17 bp poly(A)tail starting 16 bp
downstream from a canonical polyadenylation signal
sequence while pUNG-40 terminates 19 bp upstream from
this polyadenylation signal (Figure 2).

TINA sequnc-;ingaofpUNG40-M andlpUNG-TC_15 revetalednA
open reading frame of 981 nucleotides (positions 38-1018).
The first ATG-codon downstream from the in-frame stop
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Fig. 3. Southern and Northern blot analysis with pUNG-40 cDNA.
Hybridization was carried out as described in Materials and methods.
(a) Southern analysis of human genomic DNA derived from placenta
(P) and thyroid tissue (T) digested with EcoRl (E) and PstI (S). (b)
Northern analysis of total RNA derived from human placenta (P),
human thyroid tumour (T) and the mcf-7 mammary carcinoma cell line
(M). Positions of 18 and 28S ribosomal RNA are indicated.

codon at position 35 is found at position 107 and is a possible
initiation codon. The resulting reading frame encodes a
translation product of 304 amino acids. The N-terminal
amino acid sequence of the purified protein (Wittwer et al.,
1989) is found at residues 78-105 in the predicted protein
sequence. This suggests that the initial translation product
is processed to a mature protein which has a relative molecu-
lar mass of 25.8 kd. The N-terminal sequence of the 26.5 kd
co-purifying polypeptide (see figure 4B of Wittwer et al.,
1989) is not present in the predicted protein sequence. The
amino acid composition of the purified protein, as determined
after acid hydrolysis was similar to that of the predicted
mature protein sequence, with the exception of the values
of glycine, tyrosine and arginine (Wittwer et al., 1989). This
discrepancy is most likely due to the limited accuracy of the
applied method of amino acid analysis. The predicted mature
protein sequence contains 40 positively and 20 negatively
charged residues, suggesting that the protein has a net
positive charge.
The purification protocol of human uracil -DNA

glycosylase did not include a subcellular fractionation step.
We therefore have to consider the possibility that the isolated
cDNA clones may encode a nuclear or a mitochondrial
enzyme. None of the unidentified open reading frames of
the human mitochondrial genome (Anderson et al., 1981)
show any similarity to the pUNG cDNA clones. These
cDNA clones must therefore be encoded by a nuclear gene.
It should be noted, however, that the N-terminal sequence
of the putative precursor protein contains a region rich in
positively charged and hydrophobic amino acids reminiscent
of a mitochondrial presequence (Roise and Schatz, 1988;
Roise et al., 1988).
Southern blot analysis of human genomic DNA showed

the presence of both strongly and weakly hybridizing EcoRI
and PstI fragments adding up to less than 12 kb in each case
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Cloning of human uracil - DNA glycosylase

a
RUM 78 - 126)
YSC 95 - 143)
ECO 1 - 45)
EBV 23 - 72)
VZV 80 - 129)
HSV2 91 - 138)
HSV1 (111 - 159)

HUM (127 - 176)
YSC (144 - 193)
ECO 46 - 95)
EBV 73 - 121)
VZV (130 - 179)
HSV2 (139 - 188)
HSV1 (160 - 209)

HUM (177 - 225)
YSC (194 - 243)
ECO 96 - 143)
EBV (122 - 170)
VZV (180 - 228)
HSV2 (189 - 237)
HSV1 (210 - 258)

HUM (226 - 261)
YSC (244 - 293)
ECO (144 - 180)
EBV (171 - 206)
VZV (229 - 263)
HSV2 (238 - 272)
HSV1 (259 - 293)

HUM (262 - 303)
YSC (294 - 336)
ECO (1B1 - 222)
EBV (207 - 255)
VZV (264 - 304)
HSV2 (273 - 312)
HSV1 (294 - 334)
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Fig. 4. Comparison of protein sequences of uracil -DNA glycosylases.
(a) Alignment of uracil -DNA glycosylase from man (HUM), yeast
(YSC, UNGI gene, Percival et al., 1989), E.coli (ECO, ung gene,

Varshney et al., 1988), herpes simplex virus type 2 (HSV2, gene

UL2, Worrad and Caradonna, 1988) and type 1 (HSVI, gene UL2,
McGeoch et al., 1988), and the homologous sequences from Epstein-
Barr Virus (EBV, gene BKRF3, Baer et al., 1984), and varicella-
zoster Virus (VZV, gene 59, Davison and Scott, 1986). Gaps in the
protein sequences have been introduced to yield maximal alignment.
Similarity between the human sequence and at least one of the other
sequences is indicated. Identical amino acids are indicated by bold face
and conservative amino acid replacements (scores greater than zero in
the mutation probability data matrix, Dayhoff, 1978) are boxed.
Residues which are identical in all sequences are marked with
asterisks. The numerical values from this analysis are presented in
Table I. (b) Hydropathy profiles of human (HUM, residues 83 -304)
and Ecoli (ECO, residues 1-223) uracil-DNA glycosylases (using
the method of Kyte and Doolittle, 1982) with a window size of 15 as

implemented in the Staden-Plus software (Amersham). Positive and
negative values are indicated by arbitrary units.

(Figure 3a), indicating a small size of the gene encoding
uracil-DNA glycosylase. At the high stringency used in this
experiment, hybridization was also seen with mouse genomic

Table I. Pairwise comparisons between uracil- DNA glycosylase
sequences from man, yeast, E.coli and the herpes viruses. The values
are percentages identical (upper half) and conserved (lower half)
residues resulting from the alignment shown in Figure 4a. The
compared regions correspond to residues 83-303 (221 residues) of the
human sequence and the percentages were calculated by division by a
standard length of 221 residues

% identical residues

HUM YSC ECO EBV VZV HSV2 HSV1

HUM - 53.9 55.7 43.4 40.3 40.7 41.2
YSC 70.1 - 52.5 40.7 41.2 43.4 43.4
ECO 73.3 70.6 - 47.1 45.2 43.9 44.8
EBV 61.5 58.8 68.8 - 46.2 40.3 41.6
VZV 59.3 60.2 63.4 64.3 - 51.1 52.9
HSV2 60.8 58.4 63.4 60.6 72.4 - 89.6
HSV1 61.5 59.7 63.8 61.5 74.7 94.6 -

% conserved residues

DNA (not shown). A Northern blot analysis of RNA from
several human tissues including placenta revealed a 2.4 kb
transcript hybridizing to the pUNG-40 cDNA probe (Figure
3b).

Sequence comparisons with the human uracil-DNA
glycosylase
A comparison of the sequences of the uracil-DNA
glycosylases from man, yeast, E. coli and herpes simplex
virus type 1 and 2, and the homologous proteins of Epstein-
Barr and varicella- zoster viruses, revealed a striking simi-
larity between all these proteins (Figure 4a, Table I). The
similarity spans about 230 amino acids and includes the entire
bacterial and mature human proteins. The putative human
precursor protein and the yeast and viral proteins have
additional non-similar N-terminal regions of varying length.
Unexpectedly, the human protein shows the highest similarity
to the bacterial protein possessing 55.7% identical residues,
as compared to 53.9 and 40.3-43.4% to the yeast and viral
proteins, respectively (Table I). When conservative amino
acid substitutions are included, the similarity increases to
73.3% for the human and the bacterial proteins. The signifi-
cance of these similarities becomes even clearer when the
degree of co-linearity is considered. Only one insertion in
the human sequence is required to perfectly align the two
sequences. Futhermore, the two mature proteins are almost
equal in size. The alignment of the different uracil-DNA
glycosylases (Figure 4a) exhibits the existence of particularly
conserved regions of varying size. Hydropathy profiles
(Figure 4b) of the human and the bacterial proteins are very
similar, suggesting that these proteins have similar structures.
The sequence of the yeast uracil-DNA glycosylase has

two major segments (residues 257-260 and 274-283) not
present in the other compared sequences (Figure 4a).
Additionally, the residues 288-294 in the yeast sequence
show no relatedness to the corresponding regions of the other

sequences. These differences account for the lower degree
of similarity between the yeast and the human sequences as

compared to the similarity between the bacterial and human
sequences.
The human uracil-DNA glycosylase sequence was also

compared with the contents of GenBank (release 57) in all
six reading frames without finding any additional similarities.
In particular, no similarity was seen between this protein
and other sequenced DNA glycosylases including the E. coli
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3-methyl-adenine glycosylases, AlkA and TagA (Nakabeppu
et al., 1984; Steinum and Seeberg, 1986) formamido-
pyrimidine-DNA glycosylase, Fpg (Boiteux et al., 1987),
and the cloned human and yeast DNA repair genes including
the human ERCC-] gene (van Duin et al., 1988) and the
yeast RAD genes.

Discussion
In this paper we report the cloning and sequencing ofcDNAs
encoding the human uracil-DNA glycosylase. This is the first
mammalian damage-specific DNA repair gene with a known
function to be cloned.
The predicted reading frame of the cDNA clone pUNG-15

encodes a protein of 304 amino acids with a calculated
molecular weight of 33.8 kd. The sequence data suggest that
the initial translation product is processed since the N-
terminal amino acid sequence is found 77 amino acids
downstream from the first methionine. The molecular weight
of the predicted mature protein (25.8 kd) is different from
that reported for the purified protein (29 kd, see Wittwer
et al., 1989). Possible explanations of this discrepancy
include post-translational modification of the protein and
anomalous electrophoretic mobility. The size of the predicted
mature protein is also different from the 37 kd polypeptide
immunoprecipitated with anti-placental uracil-DNA
glycosylase monoclonal antibodies (Vollberg et al., 1987).
Using these antibodies, processing of this 37 kd polypeptide
was not observed (Vollberg et al., 1987). The purification
procedure used by Wittwer et al. (1989) may, however, have
resulted in an artificial cleavage of the enzyme. This is
apparently the case in yeast, where the 39.5 kd primary
translation product is converted in vitro to a 28 kd species
during a partial purification procedure (Percival et al., 1989).
Uracil-DNA glycosylase activity was detected after in vitro
transcription/translation of the pUNG-15 cDNA clone
(unpublished results), indicating that this cDNA has a coding
capacity for a functional enzyme. An alternative explanation
for the conflicting results regarding the size of the human
enzyme is that human placenta contains several different
uracil -DNA glycosylases.

Since the probe used to isolate the pUNG cDNA clones
was based on the N-terminal amino acid sequence of the
major form of the enzyme, these clones most likely encode
a nuclear enzyme. The observation that human uracil-DNA
glycosylase contains a region with features of a mitochondrial
presequence (Roise and Schatz, 1988; Roise et al., 1988),
suggests that this gene may encode both a mitochondrial and
a nuclear enzyme. Further analyses will be required to test
this hypothesis.

Southern blot analysis with human DNA revealed the
presence of both strongly and weakly hybridizing fragments.
This may suggest that one or more related genes exists or,
alternatively, that the gene may contain several small exons.
An abundant 2.4 kb transcript was detected by Northern blot
analysis. Additionally, the human placenta cDNA library
contained many uracil-DNA glycosylase clones. These
findings show that the uracil-DNA glycosylase gene is highly
transcribed in mammalian cells.

In order to evaluate the relatedness of the human enzyme
to other reported uracil-DNA glycosylases, the predicted
protein sequences of all these genes were compared. From
this study it is evident that uracil-DNA glycosylase is highly

conserved between man, yeast, E. coli and the herpes viruses,
and that the proteins of human and bacterial origin were most
similar. In addition these proteins exhibit the existence of
particularly conserved regions of varying size. It is possible
that some of these regions may be part of the catalytic site.
Site directed mutagenesis will be used to identify the
functional regions of this protein (work in progress). The
unexpected higher similarity between the bacterial and human
uracil-DNA glycosylase sequences than between the yeast
and human sequences is largely due to a segment of seven
unrelated residues in the yeast sequence.

Interestingly, DNA polymerases from the herpes viruses
and other animal DNA viruses, bacteriophages and mam-
mals also show extensive similarities (Spicer et al., 1988;
Wong et al., 1988). This supports the view that these
organisms employ similar enzymes in DNA repair and
replication.
The uracil-DNA glycosylase sequences were also

compared to other sequenced DNA glycosylases including
the tagA (Steinum and Seeberg, 1986), alkA (Nakabeppu
et al., 1984) and fpg (Boiteux et al., 1987) gene products.
Despite their related enzymatic activities, their amino acid
sequences do not show any extensive similarities. This may
reflect the narrow substrate specificities of this group of
enzymes.
The high degree of conservation between the uracil-DNA

glycosylases from phylogenetically distant species indicates
that these proteins have evolved from a common ancestor.
No other protein is known to be so strongly conserved from
bacteria to man. The degree of conservation is greater than
that reported for the heat shock proteins (Chappell et al.,
1986) and the human P-glycoprotien/E. coli haemolysin
(HlyB) (Gerlach et al., 1986). The 230 C-terminal amino
acids of the latter pair show 74% similarity when
conservative amino acid substitutions are considered, but
have only 46% identical residues. This contrasts with the
similarity and colinearity of the entire human and bacterial
uracil-DNA glycosylases throughout their sequences.

Materials and methods
Isolation of cDNA clones
A human placenta cDNA Xgtl 1 library (Clontech) was screened using a
32P-labelled oligonucleotide as a probe. Hybridization was carried out at
420C overnight. The hybridization solution contained 5 x SSPE,
5 x Denhardt's solution, 0.1% SDS, 200,ug/ml heat denatured salmon
sperm DNA. Filters were washed in 2 x SSPE/0. 1% SDS and 0.2 x
SSPE/O. 1% SDS at 42°C and autoradiographed.

Subcloning and DNA sequencing
Positive X clones were purified using LambdaSorb Immunaffmnity Adsorbent
(Promega). The DNA was digested with EcoRI and subcloned in the vector
pGEM-7Zf(+) (Promega). DNA subclones of varying lengths were
generated by subcloning of restriction fragments and by using the Erase-a-
Base system (Promega). DNA sequencing was carried out using the dideoxy
terminator method (Sanger et al., 1977) employing the modified T7
polymerase (Sequenase, USB), and SP6, T7 and other synthetic primers.
To resolve compressions, selected regions were sequenced with the addition
of dITP to the reaction mixture according to the manufacturer's recom-
mendations.

Southern and Northern blot analyses
Human genomic DNA from different tissues (15 jig) was digested with EcoRI
and Pstl, separated on 0.8% agarose gel, blotted onto nylon filter (Hybond-N,
Amersham) and hybridized to 32P-labelled insert of pUNG40 in the
presence of 45% formamide, 5 x SSC, 200 /Ag/ml heat denatured salmon
sperm DNA, 0.1% SDS, 25 mM sodium phosphate, pH 6.5, 8.25% dextran
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sulphate at 42°C for 15 h. Filters were washed in 0.2 x SSC, 0.1 % SDS
at 65°C and autoradiographed. Total RNA isolated (Chomczynski and
Sacchi, 1987) from different tissues was separated on 1 % agarose in the
presence of 2.2% formaldehyde, blotted onto nylon filter and hybridized
to the pUNG-40 probe as described above.
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